ABSTRACT. We tested the hypothesis that administering polyethylene glycol-conjugated superoxide dismutase (PEG-SOD) either before global cerebral ischemia or at the time of reperfusion would alter recovery of cerebral blood flow (CBF; microspheres) response to alteration in arterial Pco2 in pentobarbital-anesthetized, mechanically ventilated piglets (1 to 2-wk old). CBF was measured at an arterial P C O~ of approximately 3.3,5.3, and 8.7 kPa before and 2 h after ischemia (10 min aortic cross clamp). To determine the effect of preischemic versus postischemic treatment with PEG-SOD, each piglet received two i.v. drug injections of either 30 000 U PEG-SOD or an equal volume of PEG diluent in a randomized, blinded fashion before ischemia and just before reperfusion. Cerebral oxygen consumption and somatosensory evoked potentials were measured during reperfusion as an assessment of brain function. During reperfusion, no group demonstrated delayed hypoperfusion. Hypercapnic CBF was less during reperfusion (48 f 6 mL/min/100 g) compared with preischemia (69 f 10 mL/min/100 g) in PEGIPEG-treated piglets. However, hypercapnic CBF during reperfusion was not different from preischemic values with either preischemic or postischemic PEG-SOD treatment. Improved return of hypercapnic CBF in PEG-SOD-treated piglets was not attributable to improved postischemic cerebral oxygen consumption. Somatosensory evoked potential amplitude was decreased similarly during reperfusion (approximately 25% of preischemic values) in all groups. We conclude that PEG-SOD alters CBF response to hypercapnia after transient global cerebral ischemia in piglets via a mechanism that is not related to altered oxygen consumption or electrical activity. In newborn piglets. the CBF response to 20 min of complete compression ischemia is characterized by an initial period of hyperemia followed by hypoperfusion. At 24 h of reperfusion, CBF has returned to preischemic values (I). In I -to 2-wk-old piglets. during reperfusion from 10 min of complete ischemia (aortic cross clamp), there is an initial period of hyperemia but no hypoperfusion within 2 h of reperfusion (2) . In both models and at both ages, there is loss of vasodilation to hypercapnia at a time when CBF has returned to preischemic values (3) (4) (5) . In newborn piglets, altered reactivity to hypercapnia has been hypothesized to be due to decreased synthesis of vasodilatory prostanoids during hypercapnia rather than an inability of the blood vessels to respond to vasodilatory prostanoids (4. 5) . In this paradigm, administration of arachidonic acid after ischemia restores arteriolar dilation to hypercapnia (6) .
One proposed mechanism for impaired prostaglandin synthesis to hypercapnia is inhibition of cyclooxygenase resulting from production of oxygen radicals (7) . Consistent with this hypothesis is the finding of restored pial vessel dilation to hypercapnia when excess substrate (arachidonic acid) is administered (6) . In cats, local application of the oxygen radical scavengers SOD and catalase in a cranial window preparation resulted in preservation of vasodilator response to acetylcholine and hyperventilation during reperfusion from 15 min of ischemia (8) . We tested whether administering PEG-SOD to piglets either before global cerebral ischemia or at the time of reperfusion would alter recovery of CBF reactivity to C 0 2 and whether recovery in C 0 2 reactivity could be correlated with recovery of electrical function or CMRO?.
MATERIALS AND METHODS
Generul preparation. Piglets of either sex were used in this study (Thomas D. Morris Inc., Reisterstown, MD). Piglets (I to 2 wks old, 2.5-3.5 kg) were not removed from the litter until the morning of surgery to avoid hypoglycemia and dehydration. This study was approved by the Johns Hopkins Animal Care and Use Committee. All piglets were anesthetized with pentobarbital (287 Fmol/kg intraperitoneal bolus followed by 35-44 Frnol/kg/h i.v. infusion). The pentobarbital infusion was adjusted before the experimental protocol to avoid tachycardia, hypertension, and purposeful movement to painful stimulation. Before alteration in Pacoz. animals were paralyzed (pancuronium bromide) to overcome ventilatory drive. Each piglet was mechanically ventilated via a tracheostomy (Harvard Respirator model 665, South Natick, MA). Minute ventilation was adjusted to achieve an PEG-SOD AND POST-ISCHEMIC CBF CO: RESPONSE 53 1 initial P a c o of approximately 3.3 kPa. After reaching the desired distal twitch. The intensity of the stimulus was 5.9 mA, which degree of hyperventilation (25-30 breaths/min, 45-70 mL/ was approximately twice motor threshold. The needles were breath). supplemental COz was added to the inspired gas to secured, and a needle electrode secured to the animal's tongue maintain Pacoz between 4.7 and 5.3 kPa during surgical prepa-acted as the ground. ration. This procedure permitted h~pocapnia to be induced later
The SEP was developed using a four-channel signal averager during the experiment without changes in minute ventilation. (Nicolet CA-1000, Nicolet Insrurnents Corp.. Madison. WI). The Supplemental oxygen was added to the inspired gas to maintain stimulus duration of 200 ps was used. Two hundred fifty-six Paoz between 13.3 and 23.3 kPa. Rectal temperature was main-stimuli were delivered at a rate of 5.91s and averaged. Upper and tained at 38.0 + 0.S0C with the use of heat lamps and a heating lower band-pass filters were 30 and 1500 Hz, respectively. At pad.
each measurement time, replicate waves were generated to ensure Catheters were placed in each femoral vein and right cephalic stability of the wave form. High-amplitude electrical artifact was vein for administration of drugs and fluids. MABP was moni-automatically rejected by the computer. The peripheral nerve tored simultaneously through a catheter inserted into the de-was stimulated only for the purpose of data collection (approxiscending aorta via a femoral artery and through a catheter placed mately 45 s each). in the right axillary artery. A left atrial catheter was placed via a
The active electrode and reference system yields a consistent left thoracotomy for injection of radiolabeled microspheres and wave form in the piglet. The wave form measured by the cervical for control of left atrial pressure during aortic cross clamp. A electrode (C2) allows confirmation of electrical transit from the catheter placed in the descending aorta via a femoral artery was peripheral nerve through the spinal cord. The cortical wave form used to obtain reference withdrawal samples during microsphere complex consists of a small positive wave (PI) followed by a injections. Through the left thoracotomy. ligatures were loosely large negative wave (NI) and a large positive wave (P2). The placed around the inferior vena cava Gust above the diaphragm), amplitude and latency of the wave form were evaluated using ascending aorta (just distal to the origin of the coronary arteries), the cursor mode of the computer. The latency of C2 and NI and and descending aorta (immediately proximal to the level at which the amplitude of the initial complex ( P I N I ) were measured and the azygos vein crosses the aorta) for subsequent use during the recorded for each data collection time point. Because of variaischemia protocol. After ligatures were secured, the piglet was bility in baseline amplitudes and latencies between animals, these turned prone and its head stabilized so that the external auditory variables are expressed as percent of preischemic values. meatus was approximately 2 cm above atrial level. The dorsal For measurement of left hemispheric EEG. silver ball elecsagittal sinus was exposed at the level of the coronal suture and trodes with shielded cables were placed in depressions in left cannulated (0.25-0.5 cm) in the direction of the confluence of frontal and parietal bone. EEG was used to document ischemia the sinuses for cerebral venous sampling. A 2.5-mm Silastic during aortic ligation. In each animal. the time to obtain a flat ventricular drain (Cordis Corp.. Miami. FL) was placed in the EEG during ischemia was noted. Recovery of EEG activity left lateral cerebral ventricle and was used for measurement of during reperfusion was not measured. ICP.
Plusmu SOD uctivitjq. Arterial blood was collected in a test MABP and ICP were measured continuously with Statham tube containing EDTA and centrifuged (500 x g for 20 min). pressure transducers referenced to the level of the left atrium. Plasma was then frozen at -70°C until the enzyme assay was Cerebral perfusion pressure was calculated as the difference performed. SOD activity was assayed by its ability to inhibit between MABP and ICP. Paoz. Pacoz. and pH were measured xanthine oxidase-mediated cytochrome c reduction (10) . Units with Radiometer BMS3 electrodes and analyzer (Radiometer, of activity are defined as originally assigned by McCord and Copenhagen. Denmark). Arterial and cerebral venous oxygen Fridovich ( I I). content, saturation, and Hb concentration were determined with Protocol. The study was divided into two parts that were a CO-oximeter (model 282, Instrumentation Laboratory, Lex-completed concurrently: time control (n = 15) and ischemia ( n ington. MA). The blood gas analyzer and CO-oximeter were = 24). For both protocols. the investigators were blinded to calibrated routinely throughout each experiment. Arterial glu-individual animal treatment until the entire study was completed cose concentration was measured with a glucose analyzer (model and all measurements were calculated. Each piglet received two 23A, Yellow Springs Instruments. Yellow Springs, OH). ireatments of 3-mL i.v. injections of either saline, vehicle, or CBF. Regional CBF was measured using the reference sample drug as described below. radiolabeled-microsphere technique (9) . Briefly. 16 & 0.5-pm
The first treatment administration was 30 min after completdiameter microspheres (DuPont-New England Nuclear Products, ing surgical preparation and obtaining baseline values for SEP. Boston, MA) were injected into the left atrium and a reference Thirty min later. measurements of SEP were repeated and CBF sample was withdrawn from the aortic catheter. For each flow responses to changes in Paco? were measured. The blood flow measurement. approximately 1 X lo6 spheres were injected into response to COz was accomplished by exposing each animal to the left atrial catheter and flushed with 5 mL of normal saline one of three Pacoz values (approximately 3.3, 5.3, and 8.7 kPa) over a period of 20 s. The microsphere injection did not alter in random sequence. Pacoz was altered at the desired time by MABP. The six isotopes used ("'Gd. 114mIn. I1'Sn. "'Ru, "Nb, adjusting inspired COz concentration without altering minute and 4 6~~) in each piglet were injected in random sequence. The ventilation. Approximately 5 min after reaching each desired brain was sectioned into forebrain and hindbrain (brainstem and Pacoz, measurements of physiologic variables, CBF, and CMR02 cerebellum). The energy windows were set at 68-170 keV for were made. At this point. we found steady state values for ICP. 1 5 3~d , 174-230 keV for Il4"ln, 360-440 keV for '"Sn, 450-560 We have also found previously that, in dogs, the CBF response keV for lo'Ru? 690-820 keV for 95Nb, and 830-1200 keV for is greater than 90% of steady state after 5 min of steady state 4 6~~. he overlap of activity from high-energy isotopes into low-conditions in C 0 2 ( 1 2). After the sequence was completed. PaCo2 energy windows was ~orrected by differential sPectroscoPY (9) . was returned to 40 mm Hg and SEP measurements repeated. Flows are expressed in mL/min/100 g tissue by normalizing for
The second treatment administration was at the end of ischetissue weight. Cerebral Oz uptake was calculated as: CMROz = ,ia in experimental groups and 15 min after return to normoforebrain blood flow X (arterial -sagittal venous 0 2 content). capnia in time control groups. SEP was recorded during ischemia CVR was calculated as: (MABP -ICP)/forebrain blood flow at until isoelectric and at 5. 10, 15, 30, 45. 60, 75. 90. 105. and 120 each Pacoz value before ischemia and during reperfusion. min after the second injection. In both groups, the CBF response Electrical .litnclion. Our methods for monitoring electrical to changes in Pacoz was retested 2 h after the second treatment. function in piglets have been previously described (2) . Briefly. For any particular animal. the sequence for C 0 2 reactivity was for SEP stimulating needle electrodes were placed percutaneously the same during both trial periods. in the volar surface of the left foreleg in a location that caused a Drug trruftnents. In the time control protocol. three treatment 532 KIRSCH combinations were studied to establish whether drug treatment had any effect on physiologic variables or CBF. The following time control groups were studied: SAL/SAL, saline first and second injection (n = 5); PEG/PEG, 10% by weight solution of PEG (molecular weight = 3350) in PBS (pH = 7.4) first and second injection (n = 5); PEG/PEG-SOD, first injection PEG and second injection PEG-SOD (30 000 U; Sigma Chemical Co., St. Louis, MO) (n = 5). In the ischemia protocol, three treatment combinations were studied: PEG/PEG, PEG for first and second injection (n = 8); PEG-SOD/PEG. PEG-SOD (30 000 U. i.v.) for first injection and PEG for second injection (n = 8); PEG/ PEG-SOD, first injection PEG and second injection PEG-SOD (30 000 U) (n = 8).
Ischemia. Cerebral ischemia was induced by tightening ligatures that were previously placed around the inferior vena cava and ascending aorta. The time of ischemia was begun from the time of aortic occlusion. Preliminary experiments with radiolabeled microspheres have documented complete cessation of blood flow at the time of proximal aortic occlusion. To document complete aortic occlusion, blood pressure in the right axillary and left femoral arteries were recorded simultaneously. All animals demonstrated complete and immediate cessation of blood pressure at both sites after ligation of the ascending aorta. During ischemia, inspired 0 2 concentration was changed to loo%, inspired C02 concentration was changed to achieve an end-tidal C02 of approximately 35 mm Hg, and blood was vented from the left atrial appendage (maintaining left atrial pressure between 12 and 20 mm Hg) to prevent the heart from decompensating from the high afterload produced by aortic occlusion. After 9.5 min of ischemia, the ligature around the inferior vena cava was removed. At 10 min of ischemia, reperfusion was induced by removing the ligature around the ascending aorta. At the onset of reperfusion, sodium bicarbonate (I mEq/kg, i.v.) was given to treat systemic metabolic acidosis, which results from total body ischemia. The inspired O2 concentration was immediately decreased to maintain Paoz between 100 and 175 mm Hg ( 13.3 and 23.3 kPa). Blood pressure was supported at preischemic values by i.v. administration of 0.9% NaCl (10-15 mL/kg/h) and epinephrine (1-5 pglkglmin). There was no difference between groups in the amount of saline or epinephrine needed to support blood pressure.
Data analysis. Each variable is expressed as mean and SEM. Paired t tests were used to determine whether CVR and regional CBF changed with hypo-and hypercapnia and pre-and postischemic values. The Wilcoxon test was used when variance between groups was not similar. Two-way analysis of variance was used to evaluate the effect of treatment on recovery of SEP amplitude. Plasma SOD activity at the end of the protocol was compared by the Wilcoxon test. Statistical significance was assumed when p was 10.05.
RESULTS
Time control protocol. Physiologic parameters after the first and second injections are shown in Table 1 . There were no physiologically significant differences between groups after the first or second injection or within any group over time. Arterial blood glucose concentration was maintained between 4.2 and 6.7 mmol/L and Hb concentration remained above 95 g/L in all groups. At the end of the protocol, plasma SOD activity was 158 000 + I1 000 U/L in piglets treated with PEG-SOD, but was below the level of our detection (<5 000 U/L) in both groups not given PEG-SOD.
Blood flow to forebrain and hindbrain and CVR for timecontrol piglets are shown in Table 2 . There were no differences in blood flow or CVR between piglets treated with PEG or PEG-SOD and piglets treated with saline at any time during the protocol. The only consistent change over time in each group was an increase in flow to forebrain and hindbrain and a decrease in CVR. In the SAL/SAL group, hypercapnic blood flow to hindbrain was greater after the second injection without an effect on CVR. In the PEG/PEG group, normocapnic blood flow to hindbrain was higher after the second injection without an effect on CVR. In the PEG/PEG-SOD group, normocapnic blood flow to forebrain was higher after the second injection without an effect on CVR. At normocapnia, CMROz was not changed over time in the SAL/SAL group (3.0 + 0.1 verszrs 2.7 f 0.3 mL/ min/100 g) or the PEG/PEG group (3.4 t 0.3 verszts 3.5 t 0.6 mL/min/100 g). However, CMROz was increased over time in piglets treated with PEG/PEG-SOD (2.9 + 0.3 verszis 3.3 + 0.2 mL/min/100 g).
Before the first drug injection, SEP PtNl amplitude (SAL/ SAL. 10.8 f 1.4 pV; PEG/PEG. 14.8 f 2.7 pV; PEG/PEG-SOD, 14.8 + 3.7 pV) was not different between groups. By 2 h after the second injection, SEP PINl amplitude was 97 + 3% of control in SAL/SAL, 83 f 12% of control in PEG/PEG, and 86 & 15% of control PEG/PEG-SOD.
Ischemia and reperfusion protocol. Physiologic parameters before ischemia and during reperfusion are shown in Table 3 . There were no differences in these variables between groups before or after ischemia. Similarly, within each group there were no differences between values obtained before or after ischemia. At the onset of reperfusion, a large surge of blood pressure was prevented ( Before ischemia. in all groups, hypercapnia caused an increase in blood flow to forebrain and hypocapnia caused a decrease in blood flow to forebrain (Fig. 2) . At 2 h of reperfusion, normocapnic forebrain blood flow was similar to preischemic normocapnic levels in all groups. During reperfusion, hypercapnic blood flow to forebrain was reduced compared with preischemic values in PEG/PEG piglets but not in either group treated with PEG-SOD (Fig. 2) . The response observed in other regions within forebrain was similar to that in forebrain as a whole (e.g hippocampus hypercapnic blood flow: PEG/PEG preischemic 64 + 10, postischemic 48 t 6 mL/min/100 g, p < 0.05; PEG/PEG-SOD preischemic 68 + 10, postischemic 70 + 15 mL/min/100 g, NS; PEG-SOD/PEG, preischemic 54 f 4, postischemic 50 f 4 mL/min/100 g, NS) except caudate nucleus. In caudate nucleus, hypercapnic blood flow was reduced after ischemia in PEG/PEG-treated piglets (preischemic 105 + 14, postischemic 62 f 9 mL/min/100 g, p < 0.05). Treatment with PEG-SOD at reperfusion (preischemic 104 + 15, postischemic 106 + 28 mL/ min/100 g), but not before ischemia (preischemic 88 + 10.
postischemic 62 f 7 mL/min/100 g, p < 0.05) prevented this decrease. Postischemic hypocapnic blood flow was not different from preischemic hypocapnic values in any group (Fig. 2) .
There was no difference between experimental groups in blood flow to hindbrain (i.e. PEG-SOD/PEG or PEG/PEG-SOD versus PEG/PEG) at any Pace* value before ischemia (Fig. 3) . At 2 h of reperfusion, hindbrain blood flow at normocapnia was greater than preischemic values in PEG control piglets and in piglets treated with PEG-SOD at reperfusion. During hypocapnia, hindbrain blood flow was greater after ischemia than before ischemia in all groups. However, there was no difference between pre-and postischemic values of hindbrain blood flow during hypercapnia in any group (Fig. 3) . The response observed in other regions within hindbrain was similar to hindbrain as a whole (e.g. cerebellum hypercapnic; PEG/PEG, preischemic 109 + 18, postischemic 124 + 14 mL/min/100 g, NS; PEG/PEG-SOD, preis-PEG-SOD AND POST-ISCHEMIC CBF C02 RESPONSE 533 Before ischemia, CVR increased in response to hypocapnia isoelectric within 30 s and SEP became isoelectric within 90 s in and decreased in response to hypercapnia in all groups (Fig. 4) . all groups. During reperfusion, there was no difference in percent During reperfusion, there was no difference between pre-and recovery of PINl amplitude (Fig. 5) . postischemic CVR values during norrnocapnia and hypocapnia. During reperfusion, hypercapnic CVR remained higher than DISCUSSION preischemic values in the PEG/PEG group but was similar to preischemic values in both groups treated with PEG-SOD (Fig. In time control piglets. PEG and PEG-SOD had no effect on 4).
CBF during normocapnia or hypercapnia. In SAL/SAL-and Postischemic CMRO* was not different from preischemic val-PEG/PEG-treated piglets, CMROz and SEP amplitude were not ues in piglets treated with PEG/PEG (3.2 + 0.2 versus 3.0 + 0.1 affected by time. Although CMRO? was increased slightly in mL/min/100 g) or PEG-SOD/PEG (3.6 + 0.3 verslis 3.0 + 0.2 PEG/PEG-SOD-treated piglets exposed to the time control promL/min/100 g) but was decreased in piglets treated with PEG/ tocol, there was no effect oftreatment on maintenance ofcerebral PEG-SOD (3.7 f 0.2 versus 2.6 + 0.3 mL/min/100 g). electrical activity. After 10 min of ischemia, no group demonBefore ischemia, there were no differences between groups in strated delayed hypoperfusion at 2 h of reperfusion, but CMROz 
Ischrmia
During reperfusion from ischemia, we (3) and others (4) have was depressed in piglets treated with PEGIPEG-SOD. Recovery of SEP amplitude was incomplete and not different between groups. Hypercapnic blood flow was reduced in PEG/PEGtreated piglets but not in either group given PEG-SOD. We conclude that scavenging oxygen radicals with PEG-SOD alters recovery of CBF response to hypercapnia via a mechanism that does not involve improved cerebral function (e.g. SEP amplitude, CMR02).
In absence of ischemia, others have demonstrated in newborn piglets (13) that topical application of SOD and catalase via a cranial window preparation appeared to augment vasodilation to elevated C02. In control animals, arteriolar diameter increased from 26 to 33% compared with an increase of 53% in arterioles exposed to SOD and catalase. These authors proposed that exposure to C 0 2 results in production of oxygen radicals during conversion of prostaglandin G2 to prostaglandin Hz. Once oxygen radicals are produced, they can inhibit prostaglandin cyclooxygenase (14) and limit further production of vasodilator prostanoids. In the presence of SOD and catalase, greater release of vasodilator prostanoids would be predicted during hypercapnia because of increased activity of cyclooxygenase. The finding of no accentuation of hypercapnic CBF with PEG-SOD before ischemia in our study may be due to the need for catalase, which we did not administer, the slightly younger age of the piglets used in the previous study, differences in anesthetic management, or limited access of PEG-SOD into vascular endothelium during the course of the time control experiments (15) . demonstrated impaired hypercapnic reactivity. After ischemia and reperfusion, in piglets, the major deficit appears to be the lack of increased production of vasodilator prostanoids to hypercapnia rather than impaired vascular response to prostanoids that are applied locally (4). Our finding of preserved CBF response to hypercapnia after ischemia in piglets receiving PEG-SOD is consistent with the hypothesis that oxygen radicals produced during ischemia and reperfusion (8, 16) can lead to inhibition of cyclooxynenase activity with decreased vostischemic production of vasodilator prostanoids. This finding implies that oxygen radical injury in brain occurs during reperfusion and that PEG-SOD is able to at least partially access one site of oxygen radical production that affects vascular smooth muscle during ischemia and reperfusion. In our experimental paradigm, 100% 0 2 was administered during ischemia. a time when there was no CBF and therefore little chance for increased radical production in an oxygen-enriched environment (17, 18). Immediately upon reperfusion, inspired oxygen was decreased to maintain normoxia throughout reperfusion.
Oxygen radicals appear to have a predilection for production of vascular injury in brain. For example, application of oxygen radical-generating systems via a cranial window results in vascular paralysis and endothelial injury (19) and altered reactivity to hypercapnia (20). Similarly, enzymatically generated oxygen radicals alter endothelial and blood-brain bamer permeability and elicit brain edema (21) . In gerbils, i.v. administration of high-dose recombinant human SOD (bolus, 100 000 U/kg: infusion 800 000 U/kg/h) starting 10 min before 1 h of bilateral carotid occlusion resulted in attenuated vasogenic edema at 3 h of reperfusion (22) , supporting the contention that the vasculature is an important site of oxygen radical injury.
In rat, cerebral hyperemia during hypercapnia appears to be mediated via a pathway that involves nitric oxide or nitric oxidecontaining compound (23) . In in vitro studies, superoxide anion has been demonstrated to inactivate endothelium-derived relaxing factor (nitric oxide) (24) . If these same mechanisms are operative in piglets, our data would suggest that impaired hypercapnic response during reperfusion is due to inactivation of nitric oxide produced during hypercapnia by superoxide anion produced during reperfusion from ischemia.
Compared with SOD, PEG-SOD is known to have more rapid entrance into endothelial cells in virro (15) .he in vitro system, because PEG-SOD appears to be taken up ~y endothelial cells by pinocytosis, it was not until 4 h of exposure .o very high concentrations of PEG-SOD that increased SOD ictivity was apparent. In piglets, i.v. administration of PEG-SOD loes not appear to cause an increase in parenchymal SOD ictivity even in the setting of ischemia and reperfusion (25) . rhese data in combination with the finding of improved recovery )f CBF response to hypercapnia without improved recovery of :lectrical function suggest that in this study the site of action of ?EG-SOD is in the vascular compartment. For example, SOD nay act to prevent oxygen radical injury to cerebral arterioles 19), prevent superoxide anion-induced platelet adhesion (26), )r prevent superoxide-mediated leukocyte-endothelial cell adlerence (27) .
In cats, topical application of SOD and catalase (cranial winlow preparation) before ischemia results in a preserved vascular .esponse to acetylcholine and hypocapnia and minimized blood-)rain bamer permeability changes during reperfusion (8) . In this itudy (8), preserved vasodilator response to topical acetylcholine during reperfusion from ischemia, even with more selective cerebral ischemia and topical application of oxygen radical scavengers, is consistent with our finding of preserved postischemic vasodilator response after administration of PEG-SOD. Similarly, administration of oxygen radical scavengers can prevent postischemic injury to blood-brain bamer (8) . In preliminary experiments, Leffler et al. (28) demonstrated no recovery of pial vascular response to hypercapnia during reperfusion after administration of oxygen radical scavengers. One potential explanation for the difference in results is that in our study and that of Nelson el al. (8) ischemia was produced by vascular occlusion, whereas in the study by Lemer et al. (28) i.v. PEG-SOD administration has no effect on postischemic hyperemia in piglets (32) and SOD has no effect on postischemic hypoperfusion in rat (33) . We believe that the explanation for these different findings is that the mechanism for postischemic hyperemia and delayed hypoperfusion are different after asphyxia without sustained cessation of CBF. However, it is also possible that catalase, which we did not administer, is necessary to produce any beneficial effect on these parameters.
The apparent (but not statistically significant) greater effect of treatment with PEG-SOD just before reperfusion, compared with pretreatment, may be due to a greater activity of SOD in plasma after bolus administration. This may also account for differences in pretreatment and posttreatment of PEG-SOD in caudate nucleus. Because hemorrhage was used in all groups during ischemia to decrease cardiac preload. the activity of SOD per mL of blood available for scavenging at the time of reperfusion would be anticipated to be greater in the group given SOD when the blood volume was at its lowest (PEG/PEG-SOD). We did not anticipate this and therefore only measured plasma SOD activity at the end of reperfusion when blood volume would be expected to be similar between groups. The finding of a positive effect of PEG-SOD on CBF response to hypercapnia without PEG-catalase is consistent with the hypothesis that, even though superoxide is not as reactive as other radical species, it is still capable of producing significant abnormalities. Other studies that show benefit for SOD, administered by itself, with transient (34) and permanent focal ischemia (35) and head trauma (36) support this hypothesis. In addition, the beneficial effect afforded by postischemic administration of PEG-SOD supports the hypothesis of oxygen radical production with vascular abnormalistudy. This may be explained by the finding that there was no ties during reperfusion. difference in CBF during hypocapnia at 2 h of reperfusion in In summary, our data demonstrate that oxygen radicals concontrol animals in this and a previous study (3) .
tribute to impaired hypercapnic CBF after transient ischemia in previously demonstrated in pig,ets (21, we found no evi-piglets. Administration of PEG-SOD at the time of reperfusion dence of postischemic delayed hypoperfusion in this study (r.g. Can ameliorate altered hypercapnic CBF via a lnechanism that no difference in blood flow to forebrain during nomocapnia does not involve improved cerebral function (ex. SEP amplitude, preischemia versus postischemia). We were therefore unable to CMR02). Although our study did not specifically evaluate Prosdirectly test the effect of PEG-SOD on postischemic hypoperfu-tanoid or nitric oxide mechanisms, in combination with data sion. During resuscitation from asphyxia, treatment with PEG-from the literature, our data suggest that oxygen radicals pro-SOD in combination with PEG-conjugated catalase is associated duced during ischemia and reperfusion act to inhibit prostaglanwith increased hyperemia and improved recovery of CBF and din pathways or may be involved in inactivation of nitric oxide CMROz in newborn lambs (3 1). However, after global ischemia, produced during hypercapnia.
